We studied the orientation of nematic liquid crystals when they were being filled into cells by capillary action. We found that, in the flow front, the liquid crystal was always aligned along the flow direction. Far behind the flow front, the orientation of the liquid crystal depended on the anchoring direction of the alignment layers and the direction and speed of the flow. In cells with the anchoring direction parallel to the flow direction, the liquid crystal always oriented along the flow direction. In cells with the anchoring direction perpendicular to the flow direction, at low flow speed gradients, the liquid crystal orientated uniformly along the anchoring direction; at high flow speed gradients, the liquid crystal in bulk was tilted to the flow direction. The experimentally observed critical flow speed gradient was in agreement with the theoretical prediction.
INTRODUCTION
Liquid crystal displays, such as the twisted nematic display and the ferroelectric liquid crystal display, usually have alignment layers coated on their inner surfaces ͓1͔. At static state, liquid crystals orient along the anchoring direction of the alignment layers. In the fabrication of liquid crystal displays, liquid crystals are filled into the display cells by capillary action or forced into the cells by pressure. In the filling process, the orientation of the liquid crystal is determined by its velocity, viscosity coefficients, and the alignment layers. In some circumstances, the liquid crystal is not uniformly aligned along the anchoring direction of the alignment layer, and exerts a torque on the molecules of the alignment layer and may damage the alignment layer. It is important to understand the orientation of liquid crystals when they are being filled into display cells.
The orientation of liquid crystals in motion is very interesting and complicated because of the coupling between the liquid crystal director and the velocity field ͓2,3͔. A flow of a nematic liquid crystal sometimes causes it to reorient in order to reduce the entropy production ͓4,5͔. A reorientation of the liquid crystal sometimes causes it to flow ͑called backflow͒ ͓6͔.
There are many works done on the hydrodynamics of nematic liquid crystals. Most of them were performed in thick cells (у100 m) and under external fields. We studied the flow alignment of nematic liquid crystals when they were being filled into thin cells (р50 m) by capillary action as in fabrication of liquid crystal displays. We organize this paper in the following way. First, we present our theoretical study on the alignment of nematic liquid crystals in capillary filling. Then we report the results of our experimental study.
THEORETICAL STUDY

Flow speed in capillary filling
We consider the flow of a nematic liquid crystal in a rectangular cell consisting of two long parallel plates. The cell has an alignment layer on the inner surface of the two plates. The geometry of the flow of the liquid crystal and the axes of the coordinate are shown in Fig. 1 . On the surface of the cell, the liquid crystal is anchored either along the x direction or along the y direction by the alignment layer. The motion of the liquid crystal in the flow front is very complicated. Here we consider the motion of the liquid crystal far behind the flow front. The velocity of the liquid crystal is in the y direction and its value depends only on z, which is perpendicular to the plates. It is described by
If the orientation of the liquid crystal is uniform, then for a steady flow, the equation of motion ͑Navier-Stokes equation͒ is
where ٌ P is the pressure gradient and is the translational viscosity coefficient, which is dependent on the orientation of the liquid crystal ͓2͔. When the liquid crystal is along the y direction at any z plane, the viscosity coefficient is 2 ;
when the liquid crystal is along the x direction at any z *Author to whom correspondence should be addressed. ͑2͒ is found to be parabolic:
͑3͒
The flow speed at the middle layer (zϭ0) is
The averaged speed is
The front of the liquid crystal flow moves at the averaged speed. In capillary filling, the front of the liquid crystal is curved because of the surface tension between the liquid crystal and the alignment layer on the plates. The curved surface at the front creates the pressure gradient throughout the liquid crystal ͓7͔. The pressure gradient is found to be
where l is the length of the liquid crystal inside the cell, ␥ sv is the surface tension between the alignment layer and the air, and ␥ sl is the surface tension between the alignment layer and the liquid crystal. The speed of the liquid crystal flow front is
⌬␥ϭ␥ sv Ϫ␥ sl can be measured by the capillary rise method. For a vertical cylindrical capillary tube with the bottom of the tube in the liquid crystal, the height of the rise of the liquid crystal is given by
where R is the radius of the tube, is the mass density of the liquid crystal, and g is the gravity constant.
Flow-induced Freedericksz transition in capillary filling
The translational motion and rotational motion of the liquid crystal are coupled. When the flow speed gradient of the liquid crystal is large enough, the translational motion of the liquid crystal will cause the liquid crystal director to rotate. In capillary filling, the liquid crystal molecules in the bulk flow but not the molecules on the surfaces; there is a speed gradient that may induce an orientational transition. Some theoretical studies have been performed on this problem and the reorientation of the liquid crystal was sometimes referred to as the linear instability ͓4,5,8-11͔. We do the calculation in a different way with the detailed derivation presented. In the coordinate depicted in Fig. 1 , the director is described by
The flow of the liquid crystal produces a torque on the liquid crystal, which depends on the symmetric part of the velocity gradient tensor A J whose nonzero components are
There is another viscosity torque due to the rotation of the liquid crystal. It depends on the net rotation velocity, which is given by
ជ is the angular velocity of the liquid crystal when the liquid crystal rotates as a whole. It is related to the antisymmetric part of the velocity gradient tensor and is given by
The total viscous torque is given by
where ␥ 1 and ␥ 2 are the rotational viscosity coefficients.
There is an elastic torque ⌫ ជ ela due to the elastic distortion of the liquid crystal, which is given by
where h ជ is the molecular field. The elastic torque is derived from the elastic energy density. In the case we are considering, the director is dependent only on z, and the components of the molecular field are given by
͑15͒
At low speeds, the inertial term is much smaller than the viscous and elastic torques and can be neglected. The elastic and viscous torques balance each other,
where a(z) is a constant depending on z. Presented in x, y, and z components, the above equation becomes
Eliminating a in the above equations, we obtain
͑19͒
The liquid crystal director n ជ can be expressed as a function of the polar angle and the azimuthal angle , n x ϭsin ͑z͒cos ͑z͒, n y ϭsin ͑z͒sin ͑z͒, ͑20͒
n z ϭcos ͑z͒.
The elastic energy density is
The molecular field can be calculated by The boundary conditions are
In the steady state, ‫ץ/ץ‬tϭ0 and ‫ץ/ץ‬tϭ0. At the surface of the plate, if the liquid crystal is anchored along the y direction, the solutions in bulk for the above equations are ϭ/2 and ϭ 0 , given by
0 is called the flow alignment angle. As an example, for nematic liquid crystal 5CB,
Ϫ3 N s/m 2 , 0 ϭ81.18°͓12͔. At the surface of the plate, if the liquid crystal is anchored along the x direction, when the flow speed is low, the liquid crystal is in the ground state and the director is uniformly aligned along the x direction; ϭ/2 and ϭ0. When the flow speed gradient is sufficiently high, the liquid crystal reorients. There is a critical flow speed gradient. When the flow speed gradient is slightly higher than the critical value, the distortion is small. For small distortion, is small and is close to /2. We define ␣ϭϪ/2, then ␣ is small. sin Ӎ, cos Ӎ1, sin ϭcos ␣Ӎ1, and cos ϭϪsin ␣ ϭϪ␣. Keeping the first-order terms, Eqs. ͑25͒ and ͑26͒ become
The boundary conditions are
͑31͒
In the ground ͑undistorted͒ state, ␣(z)ϭ0, (z)ϭ0. There is a critical flow speed gradient A c . When AϽA c , the liquid crystal is in the undistorted state with n ជ ϭx . When AуA c , the liquid crystal is in the distorted state with nonzero n y and n z . We will show that this transition is second order and may be called the flow-induced Freedericksz transition because of the similarity with the field-induced Freedericksz transition. As an example, let us consider the case where the velocity has a linear profile,
where V is the flow speed at the middle layer.
͑33͒
Let ϭ 1 (z) and ϭ 1 (z) in the region Ϫd/2рzр0, ϭ 2 (z) and ϭ 2 (z) in the region 0рzрd/2. The equations for them are
We have the symmetry 1 (Ϫz)ϭ 2 (z), ␣ 1 (Ϫz)ϭ Ϫ␣ 2 (z) or 1 (Ϫz)ϭϪ 2 (z), ␣ 1 (Ϫz)ϭ␣ 2 (z) ͑which has the same critical flow speed gradient͒ ͓10͔. 
The critical speed is
.
͑43͒
If the liquid crystal is 5CB and the cell thickness is 50 m, we use the following parameters ͓12͔:
, then the critical flow speed is V 0 ϭ38.0 m/s.
Nematic liquid crystals are anisotropic fluids and usually have four different translational viscosity coefficients. A flow of a nematic liquid crystal causes it to reorient. When the liquid crystal reorients, the translational viscosity force changes, and so does the velocity field. However, when the flow speed gradient is slightly above the critical value, the distortion of the liquid crystal director is small, and the velocity field can be considered approximately the same as in the undistorted state where the flow velocity profile is parabolic ͑this will be discussed more later͒,
The flow speed gradient is
͑45͒
The maximum speed gradient is 2V/d. We define a parameter measuring the flow speed gradient
where V 0 is given by Eq. ͑43͒. In this case, the flow speed gradient is not a constant but dependent on z. We numerically solved Eqs. ͑25͒ and ͑26͒ using the relaxation method.
In the calculation, we used Eqs. ͑23͒ and ͑24͒, and the initial state was the undistorted state with small random fluctuations in and . and changed according to (tϩ⌬t) ϭ(t)ϩ(‫ץ/ץ‬t)⌬t and (tϩ⌬t)ϭ(t)ϩ(‫ץ/ץ‬t)⌬t, respectively. ‫‪t‬ץ/ץ‬ and ‫‪t‬ץ/ץ‬ were obtained using Eqs. ͑23͒ and ͑24͒. When the steady state was reached, ‫ץ/ץ‬tϭ0 and ‫ץ/ץ‬tϭ0. Under random fluctuations in the initial state, the solution for the steady state sometimes had the symmetry (Ϫz)ϭ(z), (Ϫz)ϭϪ(z) and at other times the symmetry (Ϫz)ϭϪ(z), (Ϫz)ϭ(z). Here we will only discuss the solution with the symmetry of (Ϫz)ϭ(z), (Ϫz)ϭϪ(z). The results of our numerical calculation are shown in Fig. 2 . The critical value of P is P c ϭ1.15, which is slightly higher than that in the case of linear velocity profile. When P is above P c , the liquid crystal director is tilted away from x direction. The azimuthal angle is no longer zero and the maximum deviation m occurs at the middle layer of the cell. The polar angle becomes smaller than 90°in the bottom half of the cell and larger than 90°in the top half of the cell; the maximum deviation ␣ m occurs at the planes z ϭϮd/4. When the flow speed is very high, the azimuthal angle in the bulk becomes 90°, that is, the liquid crystal director becomes parallel to the flow direction; the polar angle becomes 81.17°, which is the same as the flow alignment angle defined in Eq. ͑27͒. The maximum deviations are plotted in Fig. 3 as a function of the flow speed gradient P. The results for linear velocity and sinusoidal ͓defined as u(z)ϭV sin(z/d)͔ profiles are also shown in Fig. 3 . From the figure we can see that the velocity profile has a minor effect on the liquid crystal configuration.
EXPERIMENT AND RESULTS
The liquid crystal in our experiment was 5CB doped with black dichroic dye S416 ͑from Mitsui͒. The alignment layer used was polyimide ͑PI2555 from Dupont͒. In the surface tension measurement, we used both cylindrical capillary tubes and long rectangular cells. The capillary tube had a radius R of 0.467Ϯ0.003 mm and was coated with polyimide. For both rubbed and unrubbed polyimide, the rise of the liquid crystal h was almost the same and was 1.10 Ϯ0.05 cm. The density of 5CB was 1.0065 g/cm 3 . Using Eq. ͑8͒, the difference of the surface tension between air and polyimide and between liquid crystal and polyimide was ⌬␥ϭ␥ sv Ϫ␥ sl ϭhRg/2ϭ2.54ϫ10 Ϫ2 J m
Ϫ2
. The rectangular cell had a thickness dϭ49.9Ϯ0.4 m ͑which is much smaller than the width 5 mm͒. If the polyimide was rubbed perpendicularly ͑that is, the rubbing direction is perpendicular to the long side of the rectangular cell͒, the liquid crystal rise h was 9.6Ϯ0.1 cm. If the polyimide was rubbed parallel ͑that is, the running direction is parallel to the long side of the rectangular cell͒, the liquid crystal rise h was 9.5 Ϯ0.1 cm. The surface tension difference, almost independent of the rubbing, was ⌬␥ϭghd/2ϭ2.36ϫ10 Ϫ2 J m Ϫ2 , which was close to the value found using the capillary tube. For future calculation, we use the average value ⌬␥ϭ2.4 ϫ10 Ϫ2 J m Ϫ2 . In the flow speed measurement, we used rectangular cells which were 10 cm long and 0.5 cm wide. The cell thickness was controlled by glass fiber spacers. The two ends of the cell were open. The liquid crystal was placed at one end of the cell and was capillarily filled into the cell. The liquid crystal flowed from one end of the cell to the other. In the flow speed measurement, the cells were placed on a light viewing box with linearly polarized light. A camcorder was used to record the capillary filling process, then the recorded tape was examined. The time resolution was 30 ms determined by the frame time of the camcorder. We studied the flow speed of the liquid crystal in capillary filling into cells with various thickness. For a 10.1 m thick cell with parallel rubbed polyimide, the length l of the liquid crystal inside the cell is plotted as a function of time in Fig. 4͑a͒ . The flow speed ū vs time is plotted in Fig. 4͑b͒ . As the liquid crystal was filled into the cell, the length l of the liquid crystal increased and therefore the pressure gradient decreased. Thus the flow speed decreased with time. The product of the flow speed ū and the length l of the liquid crystal is plotted as a function of time in Fig. 4͑c͒ . It is a constant as predicted by the theory ͓see Eq. ͑7͔͒.
The flow speed ū of the liquid crystal depended on the cell thickness and the filling time. The flow speed vs time for cells with different thicknesses is shown in Fig. 5 . The thicker the cell was, the faster the liquid crystal flow, which is consistent with Eq. ͑7͒. The flow speed also depended on the angle between the liquid crystal direction and the flow direction. In the cells with parallel rubbed polyimide, the liquid crystal was parallel to the flow direction, the flow was faster, as shown in Fig. 5͑b͒ . In the cells with perpendicular rubbed polyimide, the liquid crystal was perpendicular to the flow direction, and the flow was slower, as shown in Fig.  5͑a͒ .
The product of the flow speed ū and the length l of the liquid crystal was dependent on the cell thickness but not on time. ū l vs time of cells with different thicknesses and alignment layers is plotted in Fig. 6 . ū l was indeed independent of time, except for some fluctuations caused by errors in reading the recorded tape. As given by Eq. ͑7͒, ū lϭ͓(␥ sv Ϫ␥ sl )/6͔d. ū l vs the thickness d is a straight line with slope given by (␥ sv Ϫ␥ sl )/6. We plot ū l vs d in Fig. 7 . For the cells with parallel rubbed polyimide, the slope was (1. the rubbing direction of the polyimide. The liquid crystal was doped with 0.4% the dichroic dye. In the experiment, the incident light was focused on a spot about 1 cm away from the entrance end of the cell. The horizontal axis in Figs. 8 and 9 was the filling time started when the liquid crystal was dropped at the entrance end of the cells. We first studied the 50 m cell with parallel rubbed polyimide and the result is shown in Fig. 8͑a͒ . There was no flow-induced Freedericksz transition in this case. In the beginning, there was some intensity fluctuation. Under the optical microscope, flowinduced disclination loops were observed ͓14͔. In the disclination loops, the liquid crystal was not in the same direction as the liquid crystal anchored by the polyimide alignment layers; the absorption of the dye was reduced and therefore the transmittance was increased. As shown in Fig. 8͑a͒ , the increase of the transmittance by the disclination loops was small and was not significant. We then studied the 50 m cell with perpendicular rubbed polyimide. In this cell, we expected to see the flow-induced Freedericksz transition if the flow speed was fast enough. When the liquid crystal was in the distorted state induced by the flow, the liquid crystal in the middle of the cell was tilted to the flow direction and the absorption of the dye was reduced, and therefore we expected higher transmittance. In this cell, we indeed observed the flow-induced Freedericksz transition. The transmittance of the cell as a function of time is shown in Fig. 8͑b͒ . In the beginning, the transmittance was higher and then decreased with time; after 600 s, the transmittance did not change further. The transition from the distorted state to the undistorted state is a second-order one, as predicted theoretically. Therefore the transmittance decreased continuously to the minimum value of the undistorted state. It was difficult to determine the exact time at which the transmittance decreased to the minimum.
The critical flow speed for the flow-induced Freedericksz transition is inversely proportional to the cell thickness, as indicated in Eq. ͑43͒, while the flow speed is proportional to the cell thickness. We expected to observe the flow-induced Freedericksz transition in thick cells but not in thin cells. We measured the transmittance of cells with different thicknesses in the capillary filling. The dye concentration was 2.0%. We made a set of cells with thicknesses 49.7, 24.3, 12.1, and 5.7 m. The transmittance of the 49.7 m cell is plotted as a function of time in Fig. 9͑a͒ . In this cell, the flow-induced Freedericksz transition was observed. The transmittance in the beginning was high and then decreased gradually to the minimum value at tϭ500 s. For this cell, the theoretically predicted critical value of the speed of the flow front is ū c ϭ 2 3 ϫ1.15V 0 ϫ 50 49.7 ϭ29.3 m/s. As shown in Fig.  5͑a͒ , at the beginning, the flow speed was faster than 800 m/s, which is higher than the critical value; the liquid crystal was in the flow distorted state. As the liquid crystal was filled into the cell, the flow speed decreased; the distortion became smaller and the transmittance decreased. The transmittance decreased to the minimum around tϭ500 s, at which the flow speed was around 95 m/s. This experimentally observed speed was higher than the predicted value 29.3 m/s. For the 24.5 m cell, the result is shown in Fig.  9͑b͒ . In the beginning, the transmittance was also high and then decreased gradually with time; after 400 s, the transmittance did not change. As shown in Fig. 5͑a͒ , in the beginning, the flow speed was faster than 500 m/s, and then decreased with time. The flow speed at tϭ400 s was about 60 m/s, which was very close to the theoretically predicted critical value ū c ϭ 2 3 ϫ1.15ϫ37.9ϫ Fig. 5͑a͒ , after 100 s ͑at which our transmittance measurement was started͒, the flow speed was less than 100 m/s, and therefore there was no flow-induced Freedericksz transition. For the 5.7 m cell, the result is shown in Fig.  9͑d͒ . The transmittance was always low and did not change with time. The theoretically predicted critical value of the speed of the flow front is ū c ϭ 2 3 ϫ1.15ϫ37.9 ϫ 50 5.7 m/sϭ255 m/s. As shown in Fig. 5͑a͒ , the flow speed was always less than that value, and therefore there was no flow-induced Freedericksz transition.
We also studied cells with unrubbed polyimide. The liq- uid crystal was doped with the black dichroic dye. When the polarization of the incident light was parallel to the flow direction, the cells were black, indicating the liquid crystal was aligned along the flow direction in the capillary filling.
We examined the liquid crystal flow front in the capillary filling under an optical microscope with crossed polarizers. The flow direction was either parallel or perpendicular to the polarizers. For the cells with parallel rubbed or unrubbed polyimide, the orientation of the liquid crystal was the same, along the flow direction in both the flow front and behind the flow front. For the cells with perpendicular rubbed polyimide, the flow front was bright as shown the microphotograph in Fig. 10͑a͒ . We believe the liquid crystal in the flow front had the twisted configuration shown in Fig. 11 . In this case, some care should be taken in capillary filling, because the liquid crystal may exert a torque on the molecules of the alignment layer and damage the alignment layer. We did not observe the bright flow front in cells with parallel rubbed or unrubbed polyimide. A microphotograph of the flow front of a cell with parallel rubbed polyimide is shown in Fig. 10͑b͒ . In cells with perpendicular rubbed polyimide, independent of the cell thickness and the speed of the flow, the bright flow front was always observed. We also made cells with only one open end and perpendicular rubbed polyimide. We observed the bright front when the liquid crystal was filled into the cells in a vacuum chamber. We think that the twisted configuration of the liquid crystal is caused by the perpendicular anchoring of the liquid crystal on the front liquid crystal-air or liquid crystal-vacuum interface.
CONCLUSION
We have theoretically and experimentally studied capillary filling of nematic liquid crystals into cells with various anchoring conditions and thickness. We found that the flow speed of the liquid crystal in the capillary filling was inversely proportional to the cell thickness. In cells with parallel rubbed or unrubbed polyimide, the liquid crystal was oriented parallel to the flow direction in both the flow front and behind the flow front. In cells with perpendicular rubbed polyimide, the orientation of the liquid crystal was dependent on the position in the flow. In the flow front, the liquid crystal was in a twisted configuration with the liquid crystal in the middle of the cell parallel to the flow direction. Far behind the flow front, when the flow speed was low, the liquid crystal at the surface and inside the cell was oriented parallel to the anchoring direction. At high flow speed, the liquid crystal at the surface of the cell was oriented parallel to the anchoring direction, while in the middle of the cell the liquid crystal was aligned parallel to the flow direction. The observed critical flow speeds in cells with different thicknesses agreed with the theoretical predicted ones. 
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